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Abstract 


Considering the huge consumption of traditional energy and the rising demand for 
electricity, the development of renewable energy is very necessary. In this paper, an energy 
system integrating biomass energy, solar and two-stage organic Rankine cycle (ORC) is 
proposed, which uses the stable energy output of biomass energy to compensate for the 
volatility of solar modules. The proposed system comprises a biomass boiler, photovoltaic 
thermal panels (PV/T), evaporators, condensers, working medium pumps, turbines, a preheater 
and an air preheater. In addition, conventional and advanced exergy, exergoeconomic and 
exergoenvironmental (3E) analyses are carried out. Conventional 3E analyses reveal two 
components that require priority improvement. They are respectively evaporator | with the 
largest exergy destruction (708.2kW) and exergy destruction environmental impact rate (775.3 
mPt/h) and evaporator 2 with the largest exergy destruction cost rate (19.15$/h). The results of 
advanced 3E analyses show that the largest avoidable endogenous exergy destruction is 
condenser 1 (136.6kW), the largest avoidable endogenous exergy destruction cost rate is 
condenser 2 (3.377$/h), and the largest avoidable endogenous exergy destruction 
environmental impact rate is condenser 1 (196.1mPt/h). These mean that these components 
have great potential for improvement in reducing exergy destruction, saving cost and protecting 
the environment. In addition, the avoidable endogenous exergy destruction/cost/environmental 
impact rate of evaporator 2 are negative, so evaporator 2 is not suitable as a priority component 
for improvement, which is contrary to the conclusions of conventional 3E analyses. It is found 
that conventional 3E analyses can only point out the biggest exergy destruction point, but 
cannot indicate whether the components with the greatest exergy destruction have the greatest 


potential for improvement. However, advanced 3E analyses can show the improvement 


potential of each component by improving its own performance and the external conditions. 
Therefore, it is necessary to conduct advanced 3E analyses. 
Keywords: Exergoenvironmental analysis, Exergoeconomic analysis, Advanced exergy, Two- 


state ORC. 


1 Introduction 


The huge consumption of fossil fuels and the environmental impact of greenhouse gas 
emissions have become hot topics at present. Humanity is trying to find environmentally 
friendly renewable energy sources alternative to traditional energy sources [1,2]. Due to the 
decreasing cost of solar power generation technology and biomass energy has the advantages 
of direct storage, transportation and widespread existence [3], so the two have great potential 
in the future development of renewable energy. However, solar energy is greatly affected by 
climate change, and the solar irradiance varies from region to region. Therefore, the reliability 
of solar energy is lower [4]. Biomass energy, on the other hand, is a renewable energy source 
that can be stored and transported directly. It is also another form of solar energy and can exist 
in solid, liquid or gaseous form. In addition, the carbon dioxide emitted during the biomass 
combustion process and the carbon dioxide absorbed during the biomass growth process offset 
each other to become a pollution-free renewable energy [3]. Combining the characteristics of 
the two energy sources, the comprehensive application of biomass energy and solar energy can 
effectively make up for the unstable output of solar energy caused by weather. 

The electrical efficiency of solar photovoltaic panels is inversely correlated with the 
temperature of photovoltaic panels. Photovoltaic thermal panels (PV/T) effectively improve the 
power generation efficiency of photovoltaic panels by absorbing the heat of photovoltaic panels 
and then output low-grade thermal energy [5]. In addition, biomass-fired is an effective way to 
use biomass on a large scale [6,7]. The energy density of biomass energy is low, so the low- 
grade heat generated by the PV/T and biomass boilers can be recovered using the Organic 
Rankine Cycle (ORC). The Organic Rankine cycle is a good way to convert low-grade thermal 
energy into high-grade electricity. It is a feasible method for medium and low temperature heat 
source recovery. This cycle uses low boiling point organic fluids as the circulating working 
medium, compared to the Rankine cycle using water as the circulating working medium. 
Therefore, the ORC can recover heat sources with a temperature of 65-400°C [8]. In 2022, Atiz 
et al. [9] established the PV/T and ORC coupling model suitable for family load, and achieved 
cogeneration through the full use of heat sources. In the same year, Ding et al. [10] compared 


the economics of biomass gasification and biomass-fired for heating, and the results showed 


that the total cost of biomass gasification technology was about 1.63 times that of biomass- 
fired, which confirmed the feasibility of coupling biomass-fired and the ORC. 

In order to improve comprehensive performances of the ORC, many researchers have 
improved the ORC based on its working principle. They designed the recuperative organic 
Rankine cycle [11,12], the pumped recuperative organic Rankine cycle[13], the reheating- 
recuperation-internal recuperation organic Rankine cycle [14] and the dual organic Rankine 
cycle [15]. Zeng et al. [15] compares the three structures of the ORC, tandem ORC and double 
ORC based on cold condition, conventional condition and tropical condition, and the results 
show that the thermodynamic and economic performance of double ORC are the best under 
cold and conventional conditions. In tropical environments, tandem ORC have the best 
thermodynamic and economic performance. In summary, the improved tandem ORC and dual 
ORC are superior to the basic ORC in terms of thermodynamic performance and cost. Li et al. 
[16] designed an energy system integrated with geothermal energy, proton exchange membrane 
fuel cells and two-stage organic Rankine flash cycles. He cleverly used different heat source 
temperatures of geothermal energy and proton exchange membrane fuel cells, increasing the 
exergy efficiency of the system and greatly improving the net output power of the system. 
Therefore, the two-stage ORC cycle can be designed for two heat sources of biomass and solar 
output. This helps to make use of the temperature cascade and obtain better energy output. 

Most current assessments of hybrid energy systems include conventional exergy analysis 
and exergoeconomic analysis [17-19], and a few studies include the exergoenvironmental 
analysis proposed by Meyer in 2009 [20]. These conventional exergy, exergoeconomic and 
exergoenvironmental (3E) analyses can determine the improvement potential of each 
component in the energy system. These methods divide the output of components into exergy 
destruction and useful energy, and calculate the economic and environmental impact caused by 
exergy destruction and useful energy. So as to optimize the energy system in a targeted manner. 
In 2023, Wang et al. [21] performed a conventional 3E analyses of an energy system integrating 
a biomass gasifier and solid oxide fuel cells. And they used the multi-objective particle swarm 
optimization algorithm to optimize three different kinds of double objectives. In 2023, Ali et al. 
[22] performed energy and exergy analyses on the combined cold, heat and electricity 
generation system integrated with the improved Kalina cycle and the supercritical CO» power 
cycle. They evaluated the system by energy efficiency and exergy efficiency. Khoshgoftar 
Manesh et al. [23] designed a polygeneration system powered by solar energy and natural gas. 
The energy, exergy, exergoeconomic and exergoenvironmental of the system were analyzed. 


Finally, multi-objective optimization method is used to optimize the integrated system. 


However, the conventional 3E analyses still have some limitations. They only indicate in 
general terms the amount of energy lost during the operation of the components, and do not 
specify whether and how much energy loss can be reduced. Therefore, many researchers [24— 
26] have improved the conventional 3E analyses and proposed advanced exergy, advanced 
exergoeconomic and advanced exergoenvironmental analyses. Advanced 3E analyses separate 
exergy destruction, exergy destruction cost, and exergy destruction environmental impact in 
terms of endogenous/exogenous and avoidable/unavoidable, which helps to determine the 
ability of components to improve by optimizing their own efficiency and technical conditions. 

In 2019, Moharramian et al. [27] conducted conventional and advanced exergy and 
exergoeconomic analyses of an energy system integrating biomass and photovoltaic hydrogen 
production, and discussed module parameters setting with exergy efficiency and 
exergoeconomic factor as evaluation indicators. In addition, the conclusions reached by 
conventional exergy and exergoeconomic analyses are not consistent with those reached by 
advanced exergy and exergoeconomic analyses. This suggests that conventional exergy 
analysis can point to the component that is most exergy destruction, but not the boostable 
potential of that component. In 2020, Oyekale et al. [28,29] conducted conventional and 
advanced exergy and exergoeconomic analyses of a cogeneration system integrated with solar, 
biomass, and an organic Rankine cycle. Two improvement methods for the exergoeconomic 
analysis are described, which provides a reference for system improvement. In 2020, 
Khoshgoftar Manesh et al. [30] evaluated the combined biomass gasification cycle using 
conventional and advanced 3E analyses, and explored the improvement potential of each 
component in the cycle. In 2021, Al-Sayyab et al. [31] evaluated a PV/T-driven ejector heat 
pump system using conventional and advanced exergy and exergoeconomic analyses. The 
results show that the improvement opinions given by conventional exergy analysis and 
advanced exergy analysis are similar. The results of Moharramian and Al-Sayyab suggest that 
conventional exergy analysis and advanced exergy analysis may have different results for 
different energy systems. In 2021, Wang et al. [32] used the organic Rankine cycle as an 
example to introduce in detail the process of advanced exergy analysis using thermodynamic 
cycle method. The gap between conventional exergy analysis and advanced exergy analysis 
was compared. He said advanced exergy analysis pinpoints the components with the greatest 
potential for improvement. Hu et al. [33] conducted conventional exergy analysis and advanced 
exergy analysis of the cascade high-temperature heat pump system based on experimental data, 
and determined the priority of system component improvement. In 2022, Dilek Nur et al. [34] 


analyzed a power generation system powered by the LNG using conventional and advanced 


exergy and exergoeconomic analyses. They explored the components of the proposed system 
with the greatest potential for improvement. In 2022, Gürbüz et al. [35] conducted an 
exergoenvironmental analysis of an energy system coupled with geothermal energy and two- 
stage ORC. He divided environmental impacts into endogenous/exogenous and 
avoidable/unavoidable parts, and obtained information on the interactions between components 
and improvement potential from the perspective of environmental impact. In 2023, Zahra et al. 
[36] designed a triple generation power system powered by the geothermal energy, and they 
performed conventional and advanced exergy analyses on the system. Eventually they get a 
priority for component improvement. In 2023, Li et al. [37] proposed the organic Rankine flash 
cycle drived by geothermal energy, and they used conventional and advanced exergy and 
exergoeconomic analyses. The potential for improvement of the individual components of the 
system is obtained. In the same year, Tian et al. [38] performed conventional and advanced 
exergy analyses of the organic Rankine cycle for low temperature cold energy recovery. The 
results showed that the avoidable endogenous exergy destruction of the expander has the 
highest proportion of the total exergy destruction, so it has the best potential for improvement. 
Itis not difficult to see that conventional and advanced 3E analyses have quite good results 
for the optimization of renewable energy systems. However, there are currently little literatures 
on both conventional and advanced 3E analyses of energy systems. Many studies analyze only 
one or two of the conventional and advanced exergy, exergoeconomic, and 
exergoenvironmental [28,31,39]. As people pay more attention to the environment, 
environmental impact has become as much a part of the energy system design and optimization 
process as cost. In addition, conventional and advanced 3E analyses can determine the exergy 
destruction that can be reduced for each component of the energy system, and how to reduce 
the exergy destruction. These provide a good reference for the comprehensive optimization of 
energy system. Therefore, comprehensive conventional and advanced 3E analyses of the energy 
system are essential. The main work and novelty of this paper are summarized as follows: 
€ Designing a multi-energy complementary energy system of biomass energy and solar 
energy. It used two-stage organic Rankine cycle as waste heat recovery device for 
biomass boiler and the PV/T. 
€ Performing conventional 3E analyses of the energy system, especially 
exergoenvironmental analysis that is less frequently performed. 
€ Conducting advanced 3E analyses of the energy system to provide detailed advices 


for the proposed energy system. 


2 System description 


Figure 1 shows a schematic diagram of the proposed system. This system mainly consists 
of two parts. They are the organic Rankine cycle driven by boiler pressurized hot water and the 
organic Rankine cycle driven by the PV/T output hot water. 

Biomass fuel and air preheated by an air preheater are fully burned in a biomass boiler and 
the heat is transferred to water to produce pressurized hot water. Pressurized hot water enters 
evaporator 1 and is then exchanged with the organic working medium R245fa in the ORC 1. 
After heat exchange, the pressurized hot water returns to the biomass boiler for further heating. 
These form a biomass boiler pressurized hot water cycle. The R245fa at the outlet of evaporator 
1 is first pressurized by pump 1 and then absorbs heat in evaporator 1, so it becomes an organic 
fluid with high temperature and high pressure. This fluid enters the turbine to expand rapidly 
and then push the turbine to do work to generate electricity. After the work, the fluid still has 
residual heat, so it is designed to enter the preheater to preheat the high-pressure medium of the 
ORC 2, and reduce its own temperature to reduce the cooling water flow of condenser 1. 
Condenser 1 condenses the working fluid at the outlet of the preheater into a liquid and sends 
it to pump 1 for pressurization. The pressurized organic working fluid then enters evaporator 1 
for evaporation. These create the ORC 1 cycle. The ORC 2 works similarly to the ORC 1, 
except that the heat source for evaporator 2 comes from the PV/T output hot water. The PV/T 
is a solar system for cogeneration. Cold fluid enters the PV/T module to take away the heat of 
the photovoltaic panels. This not only results in thermal fluids, but also improves the efficiency 
of photovoltaic cells. However, the PV/T operation is greatly affected by weather. In order to 
make the ORC 2 operation more stable, the design feeds a high-pressure organic working fluid 
that has been pressurized by pump 2 and preheated by preheater into the evaporator 2. The 
power generated by turbine 1, turbine 2 and the PV/T components is the main output of this 


system. 
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Figure 1 Schematic diagram of the proposed system. 


3 Mathematical model 


In this section, mathematical models related to energy, conventional exergy, conventional 
exergoeconomic, conventional  exergoenvironmental, advanced exergy, advanced 
exergoeconomic and advanced exergyoenvironmental are established. Engineering Equation 
Solver and TRNSYS were used for simulation and calculation. To simplify the model, the 
following assumptions are made [40,41]: 

(1) The system operation is steady-state; 

(2) Ignoring the power consumption of the cooling water pump; 
(3) Ignoring heat loss and pressure drop in components and pipings; 
(4) The ambient temperature is 293.15K, and the ambient pressure is 101.325kPa; 


(5) The isentropic efficiency of turbine and working medium pump is 0.85. 


3.1 Energy analysis 


Biomass-fired is the process of combustion reaction of biomass fuel in the burner, where 
the fuel used in the biomass burner is biomass pellet fuel. Its element analysis is shown in Table 
1. The thermal efficiency of biomass pressurized hot water boiler is 0.9 [42] and the given heat 
load is 650kW. The biomass boiler heat balance calculation [43] is as follows: 

pio = rt, LHV,,, (1) 

Òn = Qu, Mr (2) 

where Q,, is the given heat load of the biomass pressurized hot water boiler. m, is the mass 

flow rate of biomass pellet fuel. LHV, is the low heat value of biomass pellet fuel, and 

LHV,, =17200kJ /kg [43]. Q, is the heat of biomass boiler to pressurized hot water. 7,,, 
is the thermal efficiency of biomass boiler. 


Table 1 Elemental analysis of biomass pellet fuels. 


Type Value 
C/% 48.01 
H/% 6.39 
O/% 33.83 
N/% 0.47 
S/% 0.13 


Ash element/% 2.42 


Moisture/% 8.7 


Volatile/?6 80.69 


The amount of air required for combustion of the biomass boiler and the amount of flue 


gas emitted are calculated according to the data in Table 1 [43]. 


Vea = 0.0899- (C 40.3758) + 0.265H — 0.03330 (3) 
Vine.co, 71.866C (4) 

Viso; = 0-07 (5) 

Vren, = 0:79V,, air -0.8N (6) 

Vreno 7 0-111H +0.0124M (7) 

Vne, fe = Vae.co, + Vaeso, + Vae, + Vaeio (8) 
Vise = Vae g O YV air + 0.016- (a 71) V, (9) 
fhair = V pe oir * Pair ig (10) 

Pico, — Va, co, * Pco, * Mag (11) 


where V represents the amount of air entering the boiler and the amount of individual gases 
emitted by the boiler, m represents the mass flow, œ is the excess air coefficient, and 
a=1.6 [44]. p represents density, and  o,,, —1.2048kg / m°, Pco, =1.2283kg /m? [42]. 
The subscript me represents the theoretical value, «a: represents the actual value, and zę 
represents the flue gas emitted from the boiler. 

The heat source of the air preheater is the high-temperature flue gas emitted from the 
biomass boiler. The outlet temperature of the flue gas is 439.65K [45]. The equation for the 
energy balance of an air preheater is as follows: 

ttar" Car Tig Tu) m Cg (Ta -Ta) 


ir 


(12) 
where c represents the specific heat capacity, T represents the temperature, and the 
subscripts of the number are derived from Figure 1. 

The PV/T is a solar cogeneration system. It is an excellent choice for small household 
energy systems. Adding thermal conduction channels on the back of the PV/T and then entering 
cold fluid, which can not only reduce the temperature of photovoltaic panels to improve the 


efficiency of photovoltaic panels, but also absorb heat into low-grade heat energy. The total 


amount of radiation and electricity production by photovoltaic panels are as follows [46—48]: 


P un pvir 7 7 Apyg ^ Tg Oca (13) 
Wer x C coii ` Meen ` T, A G ` Apy ir (14) 
Meen = Vref ‘d=, Q e » (15) 


where G is the instantaneous irradiation intensity per unit area. A,,, is the overall surface 


area of the PV/T, and A,,,,21000m^. @,,, is the absorption rate of the PV/T, and @,,,,=0.93 


cell cell 


[9]. 7,, is the packing factor, and 7,, —0.8. 7, is the cell efficiency at. T; 


ef 
T,, is the reference temperature of the cell efficiency, and 7,, 2298K . rz, is the cover 


temperature. 


transmittance of the PV/T glass, and 7, =0.83[49]. Ø is the temperature coefficient of solar 
cell efficiency, and —0.005 [50]. Tı is the photovoltaic cell temperature. 

The organic Rankine cycle is an important part of the proposed system. The energy 
analysis of the components in the ORC 1 and the ORC 2 is shown in Table 2. 


Table 2 Energy analysis equation for organic Rankine cycles. 


Component Energy balance equation Notes 


The A is the specific enthalpy, and 
Condenser 1 Map (hy -h,) = Mou Cowi (Ty, -T4) the subscript cwl represents the 


cooling water of condenser 1; 


The subscript cw2 represents the 
Condenser 2 yg," (h, E h,) = Moya t Ca (T4, » T.) 
cooling water of condenser 2; 


The subscript bhw represents boiler 
Evaporator 1 Mp (A, — hs) = Ny Conw ae edu) 
pressurized hot water; 


The subscript ,,,;,, represents the 
Evaporator 2 m, (Ne 2 ho) = Mpy rhw ` C py thw (n E Ta) 
PV/T output hot water; 


The subscripts wf1 and  wf2 
Preheater Rei (Ah, -h)- Hi (T, -7;) represent the working fluids of the 


ORC 1 and ORC 2; 


W Hae represents the work 


Pump 1 Ww 


pump1 


= Hite, (hs — My) 


consumed by pump 1; 


: W,,,,5  Iepresens the work 
Pump 2 W asia = LE t (hy = hg) 
consumed by pump 2; 
. W, represents the work output of 
Turbine 1 Wuri z May ` (h E h,) 
turbine 1; 
f W,,.. represents the work output of 
Turbine 2 Wara = Maps ` (hs T h,) 
turbine 2. 


3.2 Conventional 3E analyses 


Exergy refers to the part of energy that is available. The available energy in energy is 
only part of the energy, and the other part of the energy is often lost in the form of exergy 
destruction. The purpose of exergy analysis of the system is to calculate the exergy 
destruction of each component. Exergy analysis is also a powerful way to identify the energy 
quality of each component. It can help find the maximum point of exergy destruction in 
energy systems and provide reference for system performance optimization [51]. According 
to the second law of thermodynamics, the exergy balance equation is as follows [39,51]: 


£j, +E 


Out ,k 


+ Fox zz E, (16) 


where Æ represents exergy, EF 


p, represents the exergy destruction rate, E,, 


is the output 


exergy, E, is the heat released by the chemical reaction, E, is the input exergy, and the 
subscript : refers to the component. 

Consider the exergy balance of a component, in addition to considering the input and 
output exergy, the exergy can also be divided into fuel exergy and product exergy. The fuel- 
product exergy balance equation is as follows [37]: 


E B E * E T Enz (17) 


where the subscripts F and P represent the fuel and product, and £,, represent the 
external exergy destruction rate of the k component. The formula for calculating exergy is as 


follows: 
(18) 


(19) 


(5), 7 (i78) -T (7) m 


(ê, on = Hi — Hio (21) 


where é,, represents the specific exergy of component k, (è), represents the physical 
specific exergy of component k, (e ), represents the chemical specific exergy of component 
k, the subscript 0 represents the environmental state, 47 and Lio are the limited state 
potential and the final dead state potential. Most of the components in the proposed system do 
not involve chemical reactions and only biomass boilers have combustion reactions. Therefore, 
the chemical exergy of other components except the biomass boiler is 0. The flue gas emitted 
from the biomass boiler is a mixed gas. The formula for calculating the chemical exergy of a 


gas mixture is as follows: 
(é, Joc mixture = » Xie, (Ti) * RT Xi In Xi 


where represent the molar fraction ofthe i gas and R is the universal gas constant. 


(22) 


In addition, the exergy of biomass fuel [42] and solar energy [52] is calculated according 
to the following formula: 


Ey = B, m, LHV,, (23) 


1.044 0.016: z — 0.3493. o (1+ 0.0531: 2 t 0.0493. nd 
C C C C 


Brio = 
1-04124. 9 
(24) 
Dum 
E -GxA x Jz} 2} ——29 
sun PV/T | "t3 d 
(25) 


where Ey » By» E_ represent biomass fuel exergy, chemical exergy coefficient and solar 


exergy. 

Exergy destruction rate and exergy efficiency are important indicators for evaluating 
system performance in exergy analysis. Exergy efficiency is the ratio of product exergy and 
fuel exergy. When external exergy losses are not considered, exergy destruction is the difference 
between the fuel exergy and the product exergy. Therefore, the magnitude of the exergy 
efficiency directly reflects the ability of the component fuel to be converted into useful energy. 
The calculation formulas for the exergy destruction rate and exergy efficiency of each 


component in the system is shown in Table 3. The calculation formula for exergy efficiency 77, 


is as follows [53]: 


2 (26) 


Table 3 Results of the exergy analysis of the energy system. 


Component E Tos 
Boc 
Air preheater E, AP = E,,- E Ex, T É; era 

E, E, 
Biomass boiler Es = E, a Es n É, E É, B È; "E 
Ey +É,- -É, 
Condenser 1 E rud = E,—E,—E,, + E. É 
3 ^4 
É zs E -È SE È E, - È, 
Condenser 2 d,con2 7 8 26 + Eos È -È 
7 8 
Evaporator 1 E, = E3 —E, + E, E, E,-E 
1g 15 
a ) E ES =È -È -E Es — Ey 
vaporator d,va2 — 76 T Mo Pa TAn È -È 
11 12 
È =È, - È, _E E, Éo -E, 
Preheater d,pre 10 t È, -È 
2 3 
: - E,- É, 
Pump 1 E, pumpl =W T È; + E, W pi 
pump 
‘ r : ] E, -E 
Pump 2 E3 pump2 x W pump2 B E, T E, j . 
pump 
. : : i : E, — E, 4-W, 
PV/T Eni =E,,+ E n PVIT Ec Wes DE o 
P È =È- È, -W Wan 
Turbine 1 d,turl turl È -È 
1 2 
t E = E, -É, -W Wna 
Turbine 2 d,tur2 tur2 È -È 
5 6 


turbine 2, respectively. 


Note: The subscripts AP, bio, conl, con2, eval, eva2, pre, turl and tur2 represent air preheat, 


biomass boiler, condenser 1, condenser 2, evaporator 1, evaporator 2, preheater, turbine 1 and 


Conventional exergoeconomic analysis is carried out on the basis of exergy analysis. It 


C ua t Cw a 7 Cua * Cos + Za 


[^ 


C, = cÈ, 


can avoid the low economy caused by the pursuit of high exergy efficiency. The 
exergoeconomic analysis can point out the cost rate caused by exergy destruction and the 
investment cost of components, and can provide reference for optimizing components from the 


aspects of economy and efficiency. The exergoeconomic balance equation is as follows [54]: 


(27) 


(28) 


m 
N (29) 
cnr = iti) 
uL) -1 (30) 
Zz 


k 


fea = Z, * C5, * C, 


(31) 
where Cus and (oar are the exergoeconomic cost of the output exergy stream and input 
exergy stream of the component k. € wk and Cx are the exergoeconomic cost of the output 
work of component k and the exergoeconomic cost of input component heat. C is the cost 
per unit exergy of each stream, Z , 1s the total cost rate related to capital investment, operation 
and maintenance of the component k, N is the annual operating hours, CRF is the capital 
recovery factor, istheinterestrate, n is the system life, Sax is the exergoeconomic factor, 
and C p. 18 the exergy destruction cost rate. 

The cost balance equations and investment cost equations of each component are shown 
in Table 4. 


Table 4 Equations of exergoeconomic analysis for each component [16,55,56]. 


Component Cost balance equation Investment cost equation/$ 
Air preheater Cit Cist+Zap C, t+ Cre Z,p =130-(A,, /0.093)° 
Biomass boiler Cig t Cin + C, + Loin = Cig C, Z,, -120-Q,, 
Condenser 1 C, +a +Ż 7C, * C, Zoom = 309.14- (A, ,,) 9 
Condenser 2 C, + Cy *Z,,,— C + C. Z conn = 309.14. (A, )9 
Evaporator 1 Cy + Cig + Zon 7C * €, Zoo = 309.14-(A,,,,)°* 
Evaporator 2 Cro t Ci + Lome = Ci + C, Z.. = 309.14: (A, 
Preheater C, + C -Z,, - C Ó, Ż „e -130-(A,,, / 0.093)?” 
Pump 1 Cet Cot ui ©, Z pump 73500 (Ww...) 
Pump 2 t. + C +Z vui Ca Z pump2 — 3500- (vw... ) 
PV/T C, + Com Zu 76 tC, Z py = 1000+ A pyr 
Turbine 1 CE SEC FO, Z,.,—4750-(W,,. 9^ 


Turbine 2 C5 + Zag =Cy + C, Z,,, = 4750: (W, 


0.75 
ur ) 


Exergoenvironmental analysis is similar to exergoeconomic analysis, and both need to be 
calculated on the basis of exergy analysis. The main goal of exergoenvironmental analysis is to 
obtain components with the greatest environmental impact over the life cycle of the system and 
components with high environmental impact caused by exergy destruction. It can evaluate 
components with pollutant emissions. Exergoenvironmental analysis balance equation is as 


follows [20]: 


B, +Ý, +B" =B 


out,k (32) 
B, = E, b, (33) 
Y, mp up +ý” (34) 
Y, 
Js 22k 
Y, x By, (35) 


where B, , and B 


in out ,k 


are the environmental impact rate of the output exergy stream and 
input exergy stream of the component k, Y, is the environmental impact of the component 
itself, B! f is the environmental impact rate of pollutants, b, is the specific environmental 
impact rate, y , ys and y are the environmental impact rates generated during the 
component creation, operation and maintenance and disposal process, f,, is the 
exergoenvironmental factor, and By, is the exergy destruction environmental impact rate. 
Table 5 shows the exergoenvironmental balance equations and auxiliary equations for each 
component of the system, and Table 6 shows the environmental impact values of each 
component of the system. 


Table 5 Equation for exergoenvironmental analysis for each component. 


Component Environmental impact balance relation Auxiliary equation 


Bis] By, = B/E 


Air preheater By, + By +Y,» = By + By i 
B,-0 
f : : : , 1 beo, =5.4545mPt | kg 
Biomass boiler B + Bia thet Ye = Bis * Bis b,, = 0.004889mPt / kg 
X E Ste B,/E, =B,/E 
Condenser 1 B, +B +Ý =B, +B, [E = B.JE, 


B,, =0 


B,/E, m B,/E, 


Condenser 2 B, + B, + Ý n = B; + By : 
B,,=0 
Evaporator 1 B, + B, + Ys. = B, + B, B. E, = B, [Èo 
Evaporator 2 Bo tB, TY. = Bp +B, B, / E, z B/E, 
Preheater B, + B, +Y, = B, + By B, / È, = B, / E, 
Pump 1 B, + By, + Y un - B, By, ! E a By / War 
Pump 2 B, 3E B. p Y ddl T B, Bul Bg = B [Wan 
PV/T Bt B, +Ý = B + By (B - Bal En 7E 7 Bu My 
B,,, =9 
Turbine | B, + se = B, + By B,/E, = B, /E, 
Turbine 2 B, + Yos = B, + By B, / E, = B, /E, 


Table 6 The environmental impact values of each component of the system [58—60]. 


Unit component-related environmental 


impact /mPt/kg 

Component Material ; Points/mPt/kg 

. Operation and 

Build i Recycle 
maintenance 
Air preheater Steel(25%), steel high alloy(75%) 704 12.1 -70 646.1 
Steel(20%), steel high alloy(70%), 
Biomass boiler 745 20 -70 695 
steel low alloy(10%) 
Condenser 1 Steel(100%) 86 12.1 -70 28.1 
Condenser 2 Steel(100%) 86 12.1 -70 28.1 
Evaporator 1 Steel(100%) 86 12.1 -70 28.1 
Evaporator 2 Steel(100%) 86 12.1 -70 28.1 
Preheater Steel(25%), steel high alloy(75%) 704 12.1 -70 646.1 
Pump 1 Steel(35%), cast iron(65%) 186 16.9 -70 132.9 
Pump 2 Steel(35%), cast iron(65%) 186 16.9 -70 132.9 
Solar glass(44%), silicon(2%), 

PV/T 639 64 -123 580 


polyethylene(1%), copper(24%), 


PUR(6%), aluminum(15%), 


galvanized iron(8%) 


Turbine 1 Steel(25%), steel high alloy(75%) 704 12.1 -70 646.1 


Turbine 2 Steel(25%), steel high alloy(75%) 704 12.1 -70 646.1 


3.3 Advanced 3E analyses 


The difference between advanced exergy analysis and conventional exergy analysis is that 
advanced exergy analysis divides exergy destruction into endogenous/exogenous, avoidable 
/unavoidable exergy destruction on the basis of conventional exergy analysis. Through 
advanced exergy analysis, we can quantitatively analyze the causes of exergy destruction, so 
that we can judge which exergy destruction of components are worth taking measures to reduce. 
Endogenous exergy destruction is exergy destruction caused by the component itself. 
Exogenous exergy destruction is exergy destruction caused by the interaction between 
components. The sum of these two parts is the exergy destruction of the component under 
operating conditions [61]. 


Ep = Epy + Epy (36) 


where the superscripts ev and ex represent endogenous and exogenous, E Ds Is the 
endogenous exergy destruction of component k. It is obtained by setting the component k in the 
model to the real working condition, and the other components are set to operate under ideal 
working conditions. E m is the exogenous exergy destruction, which is the difference 
between E,, and Bor. 

Unavoidable exergy destruction is an irreversible loss due to technical limitations. 
Avoidable exergy destruction is an irreversible loss that can be avoided by technical means. 
The sum of these two parts is also the exergy destruction of the component under operating 
conditions [61]: 

: _ DUN SAV 

Ep Pr E» + E» (37) 

-UN 2 " : UN 
Ep, = Ep x (Ey, Èp) (38) 
where the superscripts uw and av represent unavoidable and avoidable. E Is the 
unavoidable exergy destruction of component k, which is obtained after the model runs under 


unavoidable conditions, and E is the avoidable exergy destruction, which is the difference 


; UN 
between Ej, and E,,. 


In addition, the exergy destruction can be further divided to obtain the avoidable 
endogenous exergy destruction Ee , the unavoidable endogenous exergy destruction 
Eee , the avoidable exogenous exergy destruction E and the unavoidable exogenous 
exergy destruction E . Among them, avoidable endogenous exergy destruction is a 
measure of a component's ability to improve by improving itself. It provides a powerful 
reference for system optimization. These four exergy destruction can be calculated as follows 


[61]: 


EX SEDE XR ID ee (39) 
EC SESSE ERA (40) 
E BEEN (41) 

E EMEN (42) 

El E CIE (43) 


Advanced exergoeconomic analysis and advanced exergoenvironmental analysis are 
similar to advanced exergy analysis. It is carried out on the basis of conventional 
exergoeconomic analysis and conventional exergoenvironmental analysis. The exergy 
destruction cost rate and exergy destruction environmental impact rate are divided into 
endogenous/exogenous and avoidable and unavoidable. Advanced exergoeconomic analysis 
and exergoenvironmental analysis can avoid the high cost and pollution caused by the pursuit 
of efficient performance. According to the analyses result of the two, the system efficiency, 
economy and environmental protection can be better balanced. The expressions ofthe advanced 
exergy destruction cost rate and exergy destruction environmental impact rate of each 
component are shown in Table 7. And they satisfy the following relationships: 


^00 EN | FEX 
Cox = Coe + Cp 


(44) 
: MUN | AAV 
Cpr 7 C5, * Cp, (45) 
: SUN,EN , 7xUN,EX , (1AV,EN , (xAV,EX 
Con 7 Cp; *Cp, +tCpe t*Cp, 
(46) 
; SEN , EX 
By, = By, + By, (47) 
; SUN | HAV 
By, = Bp, + By, (48) 
Bos -" Bp Brus 4 BAUEN 4 BAVUEX 


Dyk Dyk (49) 


Table 7 Advanced exergy destruction cost rate and environmental impact rate [62,63]. 


Exergy destruction environmental 


Type Exergy destruction cost rate 
impact rate 

Endogenous (EN) e — Cp. Ep By, z b, Ep 

Exogenous (EX) erst — Cp. uL. Bj, = Deg E» 

Avoidable (AV) e sap Bj, - b, , Ep, 

Unavoidable (UN) Cp eo EN Bo ey Ep, 
Avoidable endogenous (AV,EN) Cur =Cry Ene Boe = bis E 
Avoidable exogenous (AV,EX) Ca = Cr x Ene Bee = bs ET 
Unavoidable endogenous (UN,EN) e — Cp. E Bn -b., EU 
Unavoidable exogenous (UN,EX) ur =Cry BU B = Bry 2 


4 Results and discussion 


This section validates the proposed system. And the results of conventional and advanced 
exergy, exergoeconomic, and exergoenvironmental analyses of the proposed system are given. 


The improvement potential of individual components in the system are analyzed. 


4.1 Validation 


In order to verify the correctness of the established biomass-fired, the ORC model and the 
PV/T model, the parameters of literature [42] and literature [50] are brought into the established 
system model. The net power of the system, electrical efficiency were used as the verification 
objectives and compared with the data in the literatures. The results are shown in Table 8. We 
observed good agreement between the results obtained in this model and those in the literatures. 


Table 8 Comparison of present model results with references. 


Parameters Reference Present study Error (%) 
ORC[42] 
Organic working medium R245fa R245fa - 


Evaporation temperature /K 390 390 - 


Condensation temperature /K 326 326 - 

Heat source temperature /K 433 433 - 

Biomass boiler efficiency /% 90 90 

Power output /kW 256 256.87 0.34 

Electrical efficiency /% 8.46 8.56 1.2 

PV/T [50] 

Solar radiation intensity (W/m?) 1000 1000 - 

Area of PV/T (n?) 80 80 - 

Temperature coefficient of photovoltaic 0.5 0.5 - 

efficiency (96) 

Power output (kW) 5.82 5.74 -1.33 
4.2 Energy analysis 


Table 9 shows the input data and energy analysis results of the designed system. R245fa 


was selected as the working medium for two-stage organic Rankine cycle, and different 


evaporation temperatures were set for the ORC 1 and the ORC 2 according to the heat source 


temperatures. The solar radiation intensity of 800W/m? was selected, and the basic input data 


of biomass-fired was set according to the research of Zhu et al. [42]. The energy analysis results 


show that the designed system can produce 205kW of electricity, and its energy efficiency is 


14.14%. Conventional and advanced 3E analyses were performed on the system under these 


conditions. 
Table 9 Input data and energy analysis results. 

Parameters Value 
Organic working medium R245fa 
Evaporation temperature of the ORC 1 /K 365.15 
Evaporation temperature of the ORC 2 /K 348.15 
Condensation temperature of the ORC 1 and ORC 2 /K 313.15 
Heat source temperature of the ORC 1 /K 448.15 
Biomass boiler efficiency /% 90 
Solar radiation intensity (W/m?) 800 
Area of PV/T (n?) 1000 
Cell efficiency (96) 0.32 
Power output (KW) 205 
Energy efficiency (?6) 14.14 


4.3 Conventional 3E analyses 


Exergy efficiency and exergy destruction rate are the main criteria to measure the 
thermodynamic properties of each component. Conventional exergy analysis can obtain the 
exergy destruction rates and exergy efficiencies of each component, which point the direction 
for system improvement. Figure 2 shows the proportion of exergy destruction for each 
component in the proposed system. Among them, evaporator 1 has the highest exergy 


destruction ( È 


Devat = 108.2kW ), accounting for 50.8% of the total exergy destruction of the 


system. This is followed by the PV/T (25.4%) and evaporator 2 (16.7%). The exergy destruction 
rates of the air preheater, condenser 1, condenser 2, turbine 1, turbine 2, pump 1, pump 2, and 
preheater are minimal. The sum of the exergy destruction rates of these components only 
accounts for 3.1% of the total exergy destruction rate of the system. Therefore, from the 
perspective of reducing the exergy destruction rate to improve system performance, evaporator 
1, the PV/T and evaporator 2 have great potential for improvement. 

Figure 3 shows the exergy efficiency of each component in the proposed system. 
Condenser 1 has the lowest exergy efficiency (1.628%), followed by evaporator 2 (6.712%), 
condenser 2 (7.121%), air preheater (9.857%), and evaporator | (10.96%). Exergy efficiency is 
the ratio of product exergy to fuel exergy, Table 10 shows the exergy destruction, product exergy 
and fuel exergy of each component in the system. Although the exergy destruction rate of 
condenser | is small compared to other components, the fuel exergy of the condenser 1 is mostly 
destroyed, and only a small part is converted into product exergy. Therefore, the exergy 
efficiency of condenser | is low. The reasons for the low exergy efficiency of condenser 2 are 
similar to those of the condenser 1. Combined with the results of exergy efficiency and exergy 
destruction rate, evaporator | and evaporator 2 have great potential for improvement. 

Figure 4 shows the exergy, unit exergy cost, and unit exergy environmental impact of fuel 
stream and product stream for each component in the system. According to Figure 4(a), the 
biomass boiler has the highest fuel stream and product stream exergy. And the fuel exergy of 
biomass boiler is close to the exergy of the product. These indicate that the exergy destruction 
of the component is small. Therefore, the exergy efficiency of the biomass boiler is higher 
(93.65%). Secondly, the fuel exergy and product exergy of preheater, turbine 1, turbine 2, pump 
1 and pump 2 are also close. Therefore, their exergy efficiencies are also higher, 89.07%, 


86.11%, 85.96%, 85.63%, 85.62%, respectively. 
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Figure 2 The proportions of exergy destruction of each component. 
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Figure 3 Exergy efficiency of each component. 


Table 10 Results of the exergy analysis of the energy system. 


Component Ej (KW) E, (kW) E, (KW) Mex, (76) 
Air preheater 1.14 1.265 0.1247 9.857 
Biomass 
56.28 873.931 817.711 93.65 
boiler 

Condenser 1 21.7 0.3591 22.05 1.628 
Condenser 2 5.387 0.413 5.8 7.121 
Evaporator 1 708.2 795.3 87.17 10.96 
Evaporator 2 233.7 250.6 16.82 6.712 
Preheater 0.071 0.6471 0.5764 89.07 
Pump 1 3.105 1.673 1.432 85.63 
Pump 2 0.434 0.2341 0.2004 85.62 
PV/T 354.4 747] 392.635 52.56 
Turbine 1 9.152 65.9 56.75 86.11 
Turbine 2 1.656 11.79 10.14 85.96 
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Figure 4 (a) Exergy of the fuel and product, (b) Cost of fuel and product, (c) Environmental 
impacts of fuel and product streams of components. 


Table 11 presents the results of conventional exergoeconomic analysis. Figure 5-6 show 
the exergy destruction cost rates and investment cost rates of each component. Obviously, 


evaporator 2 has the highest exergy destruction cost rate, followed by evaporator 1 and 


condenser 2, which the exergy destruction cost rates are 19.15$/h, 8.477$/h and 6.609$/h. 
Exergy destruction is an important factor affecting the exergy destruction cost rate. According 
to Figure 4(a), most of the fuel exergy of evaporator 2 and evaporator 1 are lost, and only a 
small part is converted into product exergy. Therefore, the exergy destruction cost rates of these 
components are high. The exergy destruction cost rate of the remaining components are low, 
and the exergy destruction cost rate of the PV/T is 0$/h. This is because solar energy as a free 
fuel supplies the PV/T, so that the fuel stream cost for the PV/T is 0. According to the formula 
Eq (28), the exergy destruction cost rate of the PV/T is calculated to be 0. 

Table 11 shows the exergoeconomic factors for each component of the system. The 
exergoeconomic factors reflect the relationship between component efficiency and economy. 
The PV/T has the highest exergoeconomic factor, and its value is 1. This is due to the fact that 
solar energy is free. Therefore, the economic evaluation of the PV/T can only start from the 
investment cost of the component itself. Secondly, turbine 1 (89.5%), turbine 2 (82.96%), and 
preheater (81.1%) have a higher exergoeconomic factor. These show that the investment cost 
rate of these components is high, but their exergy destruction cost rate is low. Therefore, the 
investment cost rates of these components can be appropriately reduced to obtain better 
economy. In addition, the exergoeconomic factors of the remaining components are less than 
50%. Among them, condenser 1 (2.28%), condenser 2 (1.25%), evaporator 1 (0.44%), 
evaporator 2 (0.45%) have an exergoeconomic factor of less than 1%. It is due to the high 
exergy destruction cost rates of these four components. Therefore, it is possible to consider 
sacrificing some of the economy to improve the performance of these four components. 

Figure 4(b) shows unit fuel stream cost and unit product stream cost. It's not hard to see 
that condenser 2 has the highest unit exergy cost associated with both input and output streams. 
Among them, output stream of condenser 2 has the highest unit product exergy cost, followed 
by condenser 1, pump 2 and turbine 2, which are 0.0048$/kJ, 0.002$/kJ, 0.0012$/kJ and 
0.00067$/kJ. Therefore, from the aspect of reducing the unit exergy cost of product stream, 
condenser 2, condenser 1, pump 2 and turbine 2 can be optimized to improve the economy of 


the system. 
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Figure 5 The exergy destruction cost rate and investment cost. 
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Figure 6 The proportions of exergy destruction cost of each component. 
Table 11 Results of the exergoeconomic analysis of the energy system. 
Component ^ E,, (kW) cp (1 KI) Cp, (7 KJ) Cy, ($/ h) Z,($/h) Cy, +Z,($/h) f, (0) 
Air preheater 1.14 0.36 X 10° 0.33 X 10° 0.0015 0.00016 0.00166 9.866 


Biomass 56.28 0.31 X 10? 0.33 X 10? 0.6212 0.1482 0.7694 19.26 


boiler 


Condenser 1 21.7 0.32 X 104 0.2 X 10? 2.501 0.0584 2.5594 2.28 
Condenser 2 5.387 0.34 x 10? 0.48 X 10? 6.609 0.0836 6.6926 1.25 
Evaporator 1 708.2 0.33 X 10° 0.30X 10^ 8.477 0.0378 8.5148 0.44 
Evaporator 2 233.7 0.23 X 104 0.34X 10? 19.15 0.0862 19.2362 0.45 
Preheater 0.071 0.32X 107 0.53 X 10^ 0.0082 0.035 0.0432 81.1 
Pump 1 3.105 0.81 X 10^ 0.13 X 10? 0.9078 0.166 1.0738 15.43 
Pump 2 0.434 0.67 X 10? 0.12X 10? 1.044 0.296 1.34 22.09 
PV/T 354.4 0 0.23 X 10^ 0 32.18 32.18 1 

Turbine | 9.152 0.32 x 107 0.81 X 104 1.055 8.995 10.05 89.5 
Turbine 2 1.656 0.34 X 10? 0.67 X 10? 2.031 9.888 11.919 82.96 


Table 12 presents the results of a conventional exergoenvironmental analysis. Figure 7-8 
show the exergy destruction environmental impact rate and the component-related 
environmental impact rate. Evaporator 1 has the highest exergy destruction environmental 
impact rate (775.3mPt/h ), followed by condenser 1 (218.4mPt/h), which accounted for 58.29%, 
and 16.42% of the total exergy destruction environmental impact rate, respectively. The exergy 
destruction environmental impact rate of the remaining components is low. Among them, the 
environmental impact rate of the PV/T is OmPt/h. This is because solar energy is used as a fuel 
for the PV/T. Solar energy has no environmental impact, so that the fuel stream environmental 
impact ofthe PV/T is 0. According to the formula Eq (33), the exergy destruction environmental 
impact rate of the PV/T is 0. 

Table 12 shows the exergoenvironmental factors for each component of the system. The 
exergoenvironmental factors reflect the relationship between component efficiency and 
environmental performance. The PV/T has the highest exergoenvironmental factor, which has 
a value of 1. This is due to the fact that solar energy has no environmental impact. Therefore, 
the environmental assessment of the PV/T can only start from the component-related 
environmental impact. Secondly, the exergoenvironmental factor of biomass boiler is also very 
high (99.94%), indicating that the environmental impact rate of the boiler-related is high. 
Therefore, it is necessary to consider reducing the component-related environmental impact to 
improve the environmental performance of the system. However, the exergoenvironmental 


factors of the other components are less than 1596. It shows that the exergy destruction 


environmental impact rates of these components are high, while the component-related 
environmental impact rates are low. Therefore, the efficiency of these components can be 
appropriately improved to reduce the environmental impact caused by exergy destruction. 
Among them, condenser 1, condenser 2, evaporator 1, pump 1, pump 2 have 
exergoenvironmental factor of less than 1%. Therefore, these components can be prioritized the 
environmental performance of these components to reduce the exergy destruction 
environmental impact. 

Figure 4(c) shows the unit fuel stream environmental impact and unit product stream 
environmental impact. It is clear that the condenser 1 (0.1717) and condenser 2 (0.0352) have 
a large unit product stream environmental impact. Therefore, optimizing condenser 1 and 
condenser 2 can improve the environmental performance of the system by reducing the unit 
product stream environmental impact. 


Table 12 Results of the exergoenvironmental analysis of the system. 


Component ^ Éj,,(W) — b&,GnPt/ KJ) — b,,QnPtL KJ). B,,(mPtih) Y(mPt/ h) Èp, * Y, (mPt 1 h) f; (96) 
Air preheater 1.14 0.30 X 104 0.30 X 10? 0.1243 0.0014 0.1257 1.15 
Biomass 
56.28 0.21 10° 0.30 X 10? 0.043 77.91 77.953 99.94 
boiler 
Condenser 1 21.7 0.0028 0.1717 218.4 0.0062 218.4062 2.84 X 10° 
Condenser 2 5.387 0.0025 0.0352 48.65 0.0067 48.6567 0.014 
Evaporator 1 708.2 0.30 10? 0.0028 775.3 1.552 716.852 0.2 
Evaporator 2 233.7 0.16 X 10? 0.0025 137.6 2.293 139.893 1.6 
Preheater 0.071 0.0028 0.0032 0.712 0.0415 0.7535 Du 
Pump 1 3.105 0.0033 0.0038 36.42 0.0075 36.4275 0.02 
Pump 2 0.434 0.003 0.0035 4.673 0.0047 4.6777 0.1 
PV/T 354.4 0 0.16 X 10? 0 231.2 231.2 1 
Turbine 1 9.152 0.0028 0.0033 93.13 2.225 95.355 2.36 
Turbine 2 1.656 0.0025 0.003 14.95 2.532 17.482 14.48 
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Figure 7 The exergy destruction environmental impact rate and component-related 


environmental impact rate. 
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Figure 8 The proportion of exergy destruction environmental impact of each component. 


4.4 Advanced 3E analyses 


Conventional 3E analyses indicate the components that need to be improved, but do not 
indicate the extent to which the component can be improved. According to the model output 
under real working conditions, ideal working conditions and unavoidable working conditions, 
advanced 3E analyses can divide the exergy destruction rate, exergy destruction cost rate and 
exergy destruction environmental impact rate into  endogenous/exogenous and 
avoidable/unavoidable. Among them, the avoidable endogenous exergy destruction rate, exergy 
destruction cost rate and exergy destruction environmental impact rate are the key focus objects. 
They represent the ability to reduce the exergy destruction rate, exergy destruction cost rate and 
exergy destruction environmental impact rate by adjusting technical constraints and component 
efficiency. 

It can be seen from Table 13 that except for the evaporator 2 and preheater, the endogenous 
exergy destruction rates of other components are higher than that of exogenous exergy 
destruction. The total endogenous exergy destruction of the system accounted for 93.2% of the 
total exergy destruction. This shows that most of the exergy destruction of the system is caused 
by the inefficiency of the components themselves. So the energy system can be improved by 
increasing the efficiency of the components themselves. For evaporator 2 and preheater whose 
exogenous exergy destruction are greater than that of endogenous exergy destruction, so exergy 
destruction of evaporator 2 and preheater can be reduced by improving the components 
associated with them. At the same time, the avoidable exergy destruction of the system 
according to Table 13 accounts for 7.95% of the total exergy destruction, which indicates that 
the avoidable exergy destruction rate of the system is small. However, evaporator 1 and the 
=136.9kW , Ej, =120.6kW ), 


so they are another direction to improve the system. In addition, avoidable exergy destruction 


PV/T have a high of avoidable exergy destruction (E Boe , 
of condenser 1, condenser 2, preheater, turbine 1 and turbine 2 are greater than unavoidable 
exergy destruction. Therefore, these components have better potential for improvement. In 
addition to the above components, the avoidable exergy destruction of other components is less 
than the unavoidable exergy destruction. Therefore, improvements to these components will 
not have a large impact on the system. 

Avoidable endogenous exergy destruction in the system represents the ability to reduce 
exergy destruction by improving component efficiency and improving technical conditions. 
Among them, the avoidable endogenous exergy destruction of evaporator 1 and the PV/T are 
high. Therefore, they have a high space to reduce exergy destruction by improving technical 
conditions and increasing their own efficiency. In addition, the avoidable endogenous exergy 


destruction of air preheater, biomass boiler, condenser 1, condenser 2, pump 1, pump 2, turbine 


1, turbine 2 are greater than exogenous avoidable exergy destruction, indicating that these 


components also have certain improvement potential in their own efficiency and technical 


limitations. 
Table 13 Results of advanced exergy analysis for the proposed system. 
EU (kW) Ej (kW) 
Component Èp,(kW)  ÉZ;KW)  ÉjQW)  EXQGW) — Ej QW) 
Egy (RW) EDR (RW) — ENCQW) — Ej (KW) 
Air preheater 1.14 1.14 0 0.172 0.9648 0.9646 0.0002579 0.1754 -0.0002579 
Biomass 
56.28 195.8 -139.5 -175.9 232.2 192.8 39.33 2.93 -178.8 
boiler 
Condenser 1 21.7 20.97 0.7297 20.18 1.518 1.491 0.02672 19.48 0.703 
Condenser 2 5.387 3.593 1.794 4.143 1.245 0.8396 0.405 2.753 1.389 
Evaporator 1 708.2 707.7 0.4336 136.9 571.3 571.1 0.1966 136.6 0.237 
Evaporator 2 233.7 3.004 230.7 -2.967 236.7 114.4 122.3 -111.4 108.4 
Preheater 0.071 0.0242 0.0465 0.04994 0.02078 14.16 -14.14 -14.13 14.18 
Pump 1 3.105 3.105 0 0.1689 2.936 2.937 -0.0004556 0.1685 0.0004556 
Pump 2 0.434 0.2969 0.1375 0.02355 0.4109 0.2807 0.1302 0.01622 0.007337 
PV/T 354.4 354.4 0 120.6 233.8 233.8 0.0001849 120.6 -0.0001849 
Turbine 1 9.152 9.148 0.0039 6.412 2.74 3.18 -0.4403 5.968 0.4442 
Turbine 2 1.656 1.131 0.5244 1.16 0.4951 0.3934 0.1016 0.7377 0.4228 


Table 14 shows the endogenous/exogenous and avoidable/unavoidable exergy destruction 


cost rates for each component of the system. It can be seen that except for evaporator 2 and 


preheater, the endogenous exergy destruction cost rates of other components are higher than 


that of exogenous exergy destruction cost rates. It shows that the exergy destruction cost rates 


of these components are greatly affected by irreversibility. Moreover, the interaction between 


components has little impact on exergy destruction cost rate of the system. Therefore, in 


addition to the evaporator 2 and preheater, other components can be improved in their own 


efficiency. For the avoidable and unavoidable exergy destruction cost rate, except for condenser 


1, condenser 2, preheater, turbine 1, turbine 2, the unavoidable exergy destruction cost rates of 


other components are greater than the avoidable exergy destruction cost rates. In addition, based 


on the calculation results of the avoidable endogenous exergy destruction cost rate, the 


avoidable endogenous exergy destruction cost rates of air preheater, biomass boiler, condenser 
1, condenser 2, evaporator 1, pump 1, pump 2, turbine 1 and turbine 2 are greater than the 
avoidable exogenous exergy destruction cost rates. Therefore, it is worth improving the 
efficiency of the components themselves to reduce the exergy destruction cost rate. Finally, the 
condenser 2 has the highest avoidable endogenous exergy destruction cost rate 
(C Den =3-377$/h_ ), so it has the highest potential for improvement. This is followed by the 


condenser 1 (CA^ ^' =2.246$/h ). 


D,conl 


Table 14 Results of advanced exergoeconomic analysis for the proposed system. 


Compone Coy Gh) Cp. ($/h) 
Cy,($/h = CBE($/h CE($/h) CASA) CU($Ih) 
nt CHP (Sih). QUURSIRY COPIER) CA ($/h) 
Air 
0.0015 0.0015 0 0.0002294 0.0013 0.001263  3.376E-07  0.0002296 -0.2X10° 
preheater 
Biomass 
0.6212 2.163 -1.541 -1.943 2.566 2.13 0.4345 0.03237 -1.976 
boiler 
Condense 
2.501 2.417 0.08412 2.326 0.175 0.1719 0.00308 2.246 0.08104 
rl 
Condense 
6.609 4.408 2.201 5.083 1.527 1.03 0.4969 3.377 1.704 
r2 
Evaporato 
8.477 8.472 0.0052 1.639 6.839 6.837 0.002353 1.635 0.002837 
rl 
Evaporato 
19.15 0.2462 18.9 -0.2431 19.4 9.374 10.02 -9.128 8.882 
r2 
Preheater 0.0082 0.0028 0.0054 0.005757 0.0024 1.632 -1.63 -1.629 1.635 
Pump 1 0.9078 0.9078 0 0.04938 0.8584 0.8587 -0.000133 0.04927 0.0001332 
Pump 2 1.044 0. 7132 0.3303 0.05657 0.9871 0.6743 -0.3128 0.03897 0.01763 
PV/T 0 0 0 0 0 0 0 0 0 
Turbine 1 1.055 1.055 0.0004 0.7391 0.3159 0.3666 -0.05076 0.688 0.05121 
Turbine 2 2.031 1.388 0.6433 1.423 0.6074 0.4826 0.1246 0.905 0.5187 


Table 15 shows the endogenous/exogenous and avoidable/unavoidable exergy destruction 


environmental impact rates for each component of the system. It can be seen that the 


endogenous exergy destruction environmental impact rates of most components are higher than 
exogenous exergy destruction environmental impact rates of that. Only evaporator 2 and 
preheater have a greater exogenous exergy destruction environmental impact rate. These show 
that in addition to evaporator 2 and preheater, other components have high potential to improve 
in their own efficiency. These also show that the evaporator 2 and preheater have a strong 
correlation with other components. Therefore, improving the components related to evaporator 
2 and preheater is conducive to reducing the exergy destruction environmental impact rate. For 
the avoidable and unavoidable exergy destruction environmental impact rate, except for 
condenser 1, condenser 2, turbine 1, turbine 2, the unavoidable exergy destruction 
environmental impact rates of other components are greater than the avoidable exergy 
destruction environmental impact rate. Finally, based on the calculation results of the avoidable 
endogenous exergy destruction environmental impact rate, condenser 1 has the highest 
avoidable endogenous exergy destruction environmental impact rate ( B".^" = 196.1mPt / h), so 
it has the highest improvement potential. This is followed by evaporator 1 and turbine 1 
(BAY EY = 149.6mPt/h, Bj = 60.08mPt/h). 
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Table 15 Results of advanced exergoenvironmental analysis for the proposed system. 


By, (mPt/h) BEY (mPt/h) BEX (mPt/h) BS’ (mPt/ h) B (mPt | h) 
nt Bo (mPtIh) — Boso (mPt ih) BB (nPt B) BB (mPt/ h) 
Air 
0.1243 0.1243 0 0.01911 0.1052 0.1052 0.000028 0.01913 -0.000028 
preheater 
Biomass 
0.043 0.1493 -0.1064 -0.1341 0.177 0.147 0.02999 0.002234 -0.1363 
boiler 
Condense 
218.4 211.1 7.346 203.2 15.28 15.01 0.269 196.1 7.077 
rl 
Condense 
48.65 32.44 16.2 37.41 11.24 7.582 3.657 24.86 12.54 
r2 
Evaporato 
775.3 774.8 0.4747 149.9 625.5 625.3 0.2152 149.6 0.2595 
rl 
Evaporato 
137.6 1.768 135.8 -1.747 139.3 67.35 72 -65.58 63.82 
r2 
Preheater 0.712 0.2436 0.4681 0.5028 0.2092 142.6 -142.4 -142.2 142.8 


Pump 1 36.42 36.42 0 1.981 34.44 34.45 -0.005344 1.977 0.005344 
Pump 2 4.673 3.193 1.479 0.2533 4.419 3.019 -1.4 0.1744 0.0789 
PV/T 0 0 0 0 0 0 0 0 0 
Turbine 1 92.13 92.1 0.03926 64.55 27.58 32.01 -4.433 60.08 4.472 
Turbine 2 14.95 10.21 4.735 10.47 4.471 3.552 0.9174 6.661 3.818 


Key results of conventional and advanced 3E analyses are presented in Table 16. 
Conventional 3E analyses can obtain exergy destruction rates, exergy destruction cost rates 
and exergy destruction environmental impact rates of each component in the system. 
Advanced 3E analyses divide the results from conventional 3E analyses, and then obtains the 
key results: avoidable endogenous exergy destruction rates, exergy destruction cost rates and 
exergy destruction environmental impact rates. Exergy destruction rates, exergy destruction 
cost rates and exergy destruction environmental impact rates represent the ability to reduce 
them by improving the component's own performance and improving working conditions. As 
a result, they are better able to prioritize component. According to Table 16, conventional 
exergy analysis pointed out that evaporator 1, the PV/T and evaporator 2 have a high exergy 
destruction rate, so they become main goals to reduce the exergy destruction and improve 
system performance. But advanced exergy analysis pointed out that the avoidable endogenous 
exergy destruction rate of evaporator 2 is negative, so it basically does not have the ability to 
optimize by adjusting its own performances and working conditions, and its exergy 
destruction rate is affected by the complex structure of the system. Meanwhile, the avoidable 
endogenous exergy destruction rate of condenser 1 and turbine 1 are 89.77% and 65.21% of 
their total. These indicate that these two components have excellent improvement potential 
in reducing exergy destruction. In addition, the optimization opinions obtained by advanced 
exergoeconomic analysis and advanced exergoenvironmental analysis are also different from 
those obtained by conventional exergoeconomic analysis and conventional 
exergoenvironmental analysis. This means that components with a high exergy destruction 
rate, exergy destruction cost rate and exergy destruction environmental impact rate do not 
necessarily have the best improvement potential, and so detailed advanced 3E analyses are 


required before actual optimization operations. 


Table 16 Key results of conventional and advanced 3E analyses. 


Component — £, (WW) EjC^(kW) Cpy,$/h) Ca^ ($/m  By,GPt/h) — Bj" (mPtl h) 


Air preheater ^ | 4 0.1754 0.00015  0.0002296 0.1243 0.01913 
Biomass boiler 56.28 2.93 0.6212 0.03237 0.043 0.002234 
Condenser 1 21.7 19.48 2.501 2.246 218.4 196.1 
Condenser2 5.387 2.753 6.609 3.377 48.65 24.86 
Evaporator 1 708.2 136.6 8.477 1.635 775.3 149.6 
Evaporator 2 233.7 -111.4 19.15 -9.128 137.6 -65.58 
Preheater 0.071 -14.13 0.0082 -1.629 0.712 -142.2 
Pump 1 3.105 0.1685 0.9078 0.04927 36.42 1.977 
Pump 2 0.434 0.01622 1.044 0.03897 4.673 0.1744 
PV/T 354.4 120.6 0 0 0 0 
Turbine 1 9.152 5.968 1.055 0.688 92.13 60.08 
Turbine 2 1.656 0.7377 2.031 0.905 14.95 6.661 


5 Conclusion 


In this study, an energy system coupled with biomass, solar energy and two-stage ORC is 
proposed. The stable energy output of biomass energy is used to compensate for the fluctuation 
of solar modules. Biomass energy provides heat to the ORC 1 to drive turbine 1 to do work and 
generate electricity. The expanded working fluid is fed into the preheater and then the working 
fluid of the ORC 2 is preheated. In this way, it compensates for the defect of the ORC 2 
operation fluctuation caused by the low heat output of the PV/T when the solar radiation is not 
strong. In addition, conventional and advanced 3E analyses of the energy system were carried 
out. Conventional 3E analyses show that evaporator 1 has the highest exergy destruction rate 
and exergy destruction environmental impact rate, and evaporator 2 has the highest exergy 
destruction cost rate. Therefore, according to the conventional 3E analyses, evaporator 1 and 
evaporator 2 should be the priority components for improvement. However, advanced 3E 


analyses show that avoidable endogenous exergy destruction /cost/environmental impact rate 


of evaporator 2 is negative. This shows that it basically does not have the potential to improve 
by improving its own efficiency and working conditions. Meanwhile, evaporator 1 has the 
highest avoidable endogenous exergy destruction and avoidable endogenous exergy 
destruction environmental impact rate, condenser 2 has the highest avoidable endogenous 
exergy destruction cost rate. These indicate that evaporator 1 and condenser 2 should be 
prioritized for optimization. 

The results show that improving evaporator 1 and condenser 2 are effective and reasonable 
means to optimize the proposed system. However, conventional and advanced 3E analyses were 
only performed based on simulation results in this study. In future work, conventional and 
advanced 3E analyses are performed based on experimental data should be emphasized. In 
addition, it is also necessary to focus on the improvement of evaporators and condensers, 
including selecting appropriate models, designing reasonable parameters and optimizing 


working conditions. 
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